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DEVETGPMENT O 4 PERSONNET
. DOS IMETRY SYSTEM POR APOLLO
Lo INTRODUVCTION
The prohlem ot accurately assessing the radiation dose to which the
Apollo Astronauts are cxposed resolves itsell into two basic parts. The

lest oaspeoet of b voblem Is oa tundamental one, i.e. the evolution of
4 radiation dose measuring concept which will most accurately assess the
hazard associated wilh radiation exposure without necessarily considering
the limitations of size, weight., and power consunption which are imposed
on equipment for manned spacel light use. It is necessary to consider
such an ideallized measurement concept in order to accurately assess the
limitations on real instruments which are capable of mweeting the required
engineering specifications. The second aspect of the problem is associated
with these engineering limitations., i{.e. preserving the maximum idealized
pertormance in the face ol extreme limitations on the amount and complexity
ol equipment which can be carried. These two aspects oi the problem have
been explored in the course oif pertormance on the retecenced contract.
culminating in a subminiature dosimeter packhage with sell-contained power
and readout capable of indicating the dose deliiveved by fast protons and
alpha particles. electrons, and to some extent, gamna rays with a resolition
sutfficient to provide intformation concerning the potencial hazard a-oc ated
with various parts ot the mission. While some preliminary evaluation ot the
dosime try packages has been performed. the most important task outstanding
at the conclvsion ol this portion obf the effort, is the evaluaticon of the
dosimeter packages in o wide variety of radiation envirvonments, the resol -
MR

tion of certain anomalics in the calibrations periormed and the compliet ion

H

ot environmental testing procedures for the generation ol light bardware,




2. CONSIDERATION OF THE DOSIMETRY PROBLEM

The biological ettects ot ionizing radiation have been extensively
studied with a view to establisbing permissible exposdres. Since, as is
the case with most biological sheaonmena, the ettects are statistical in
narure and the expecience with the exposure of human beings to ionizing
radiation is necessarily dimited. o considerable e¢lement ol uncertainty
necessarily oxists in the specitving «F a4 single tolerance dose which meay
nat be exceeded withoot damave.  However. certain general concepts have
come to be accepted which must be used, tor ltack or better information, oy
Phe instrument des- ooer o attempting to aveive ab a proper instrwpent con-
cept.  To brieily ~unmarize these. there are three najior factors which
contribute to the potential hazavrd ol exposure to ionivzing radiation. The-e
are (1) the radiation dose expres=sed in terms ol energy deposited by the
ionizing radiation; () the location ot the enerygy deposition in the body;
and (3) the relative binlogical effectiveness ol this particular type ot

radiation in damaging of livipg organisms.

The measurement of radiation dose was originally pestormed by nmeans of
air wall ionization chambers, resalting in the establishment of the roentgen
as the basic unit of radiation dose as that amount oi X or gamma radiation
such that the associated corpuscular emission/0.000Z393 ¢gram of air produces
in air ions carrying 1 esu ot charge of either sign. In order to genepralize
this concept to include douse in other media, at the (Y53 Jopenhagen neeting
of the International Commission on Radiological Units. the rad was ¢bosen as
the unit ol absorbed dose and defined as the [ntensity of ionizing :adistion

resulting in the deposition of 100 evygs  gram of any medium. Tt is f « wse

necessary to specify the medium under consideration and as the resclt ot

the difference in the dinteraction of radiation with materials of di!terent
atomic composition, the dose (n rads of a given radiation [leid will vary
somewhat depending on the substance used as a reference.  For biological par-
poses, the rad dose to sol't rtissue is generally considered composed &) oxi-
mately of 75% oxygen, 12 carbon, 10" hydrogen and 4. nitroven by weip .  In
order to provide a relationship with older units, the roentgen eg . iva ot
physical or rep is detined as the amount of radiation correspondiog I

absorption of 93 ergs/gram of soft tissue ol that composition.

I

Fhe point of deposition of dose has a profound ettect o the pote

biological hazard., sSpecitic sites in the human body vary tremendously In
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their sensitivity to radiation. In general the most radiation sensitive
sites tend to be located at least several centimeters below the surface

ol the skin including the bone marrow and the abdominal organs. Skin,

fat and muscle are somewhat less susceptible to damage by radiation.. An
exception to this situation exists with regard to the eye. The cornea ot
the eye has shown to be extremely radiation sensitive, radiation induced
cataracts having bheen observed as the only long term consequence of acci-
dental radiation exposures particularly to heavy ionizing particles such
as protons and alpha particles. The site of deposition ol radiation is
also important because of the phenomenon of build up. This results trom
the production of =secondary radiation following the initial interaction of
radiation with matter. In the case of gamma rays, build up occurs from
secondary X-rays produced by Compton interactions, annihilation quanta
resulting from pair production and in the case of charged particles from
direct nuclear reactions. Thus in some cases the depth dose will considerably
exceed the surface dose due to build up while ftor other types of radiation

the reverse can be true due to shielding.

When considering a wide variety ot types ot ionizing radiation, the
problem of relative bioclogical effectiveness becomes increasingly diifticult.
For a particular type of radiation, rbe 1is delined as the ratio between the
dose in rads of gamma radiation i(rom a-Co60 source to produce a given
biclogical change, to the dose in rads of radiation under comparison to
produce the same biological change. For the purposes ot radiological pro-
tection, the simplification is frequently made that rbe is equal to | or
X, gamma and beta radiation, is equal to 10 for protons, fast neutrons and

alpha particles, is equal to 20 for ions cof mass greater than U. While

7]

for ordinary radiological protection purposes such assumptions may be adeguate,
they cannot be considered sutficiently accurate for making of judgements in

marginal cases.

A more precise measure of rbe has been made by relating rbe to the energy
loss/unit path length of the secondary icnizing radiation known as LET or
linear energy transfer. This concept arises !rom the view that the damage
to an individual cell has a threshold of energy and thus the probab: ity of

destructim of the cell depends on the probahility that this thresno!
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exceeded. Clearly, as the rate of energy deposition of the primary and

secoundary radiations increases, this probability for biological damage in a
given cell increases. In principle then, rbe should bg estimated by deter-
mining the spectrum ot BT resulting {rom the interaction of the radiation
with tissue. bExperimental measurement ot the LET spectrum has been per-

formed in a laboratory using proportional counters ol a highly specialized
design. While this work is still experimental, it appears to have promise

in arriving at a more precise statement of the rbe ftor ditterent radiativms.

The dosimetry problem tor manned space travel involves a description
ot the radiation |ieid with regard to physical dose, at biologically sig-
nificant depths with the appropriate rbe factors applied tor the different
types of radiation encountefed. Extensive studies have been performed on
the sources ot possible radiation dose in a manned space mission with the
general conclusion that the most signiticant dose contribution in space
results trom high energy solar protons in the event of solar flares. Because
of the high rbe of such particles, this source of dose should be most
precisely characterized. Tn addition, trapped electrons and bremsstrahlung
associated with stopping of these electrons in the material of the spacecraft
can represent a signiticant contribution to douse particularly if rendezvous
operations in the region of the belts takes considerable time, although the
estimated dose for types of missions planned is quite small. A third
possible source of radiation dose comes from beta and gamma emitters on
the surface of the moon created by bombardment of the mouon surface by
protons. While the dose contribution trom this source has not been experi-
mentally veritied, preliminary estimates indicate that it will be relatirely
low. However, it cannot be discounted altogether. The Apollo radiaticn
dosimetry then is to be regarded primarily as a proton dosimeter and s:..ch

gn. However. preservation of

el

has been the philosophy pursued in its desi
response to electrons and photons is valuable in increasing the universaliry

of the instrument.



3. DISCUSSTON OF DESIGN CONSTRAINTS

In order that a personnel dosimetry system perform its function in
spece, certain constraints must be imposed on it as oﬁposed to a laboratory
system tor making the same measurement. (1) It must be capable ot beirg
carried op the person obf the astronaut without encumbeving his ability to
perform required tasks. (¢} Tt should provide intformation on a current
basis with regard to the radiation satety status of the mission. (3) 1t
should be capable ol tunctioning in the same envirvonment that the astronau
will encounter hoth inside the spacecralt and on the surtace of the moon.
(4) It must provide data which is readily interpreted in terms of immediate
or potential radiation hazard including some indibatiun of rate as well as
total dose. A number ol instrument concepts were evaluated in the course
nt the present development with a view toward creating an instrument within
these constraints. While a detailed account or the various alternatives
will not be given, a few of the detailed constraints should be explored. in
order to guide the reader into a better understanding of the rationale of
the instrument developed. An ideal dose measuring instrument would be one
in which the sensor was in contact with the radiation sensitive structures
in such a way that it would sample the radiation environment with the greatest
possible accuracy. 7Toward this end, the early phase of the program for
the investigation of dosimetry techniques in space was devoted tu the develop-
ment of various in-vivo radiation detectors. While these are of interest
for medical research activities. and possible animal! space experiments, |t
is clearly Impractical to consider the implantation of radiation sensor-
in the bodies of the astronauts. Even the most pessimistic estimates - {he
radiation hazard, -do not place it sufficiently high to justify the discomiart

J
ot radiation. To

and potential danger of in-vivu sensors r this reason. the
pdacement of the radiation scnsors must necessarily be compromised by a

location on or near the surface of the body. A possible concept was evolr «d
wherein the sensors might be located near or in contact with the skin wisn

a remote readout available. Such a concept however, would reguire peswtr-ing
the pressure integrity ot the space suit by the electrical lead- evess oy

to communicate signals {rom a sensor located within the space ~uit - g

~eadout located outside. As all such penetrations ol {he <pace -7 epresent
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not only severe engineering liaison problems, but potential hazards to the
pressure integrity of the suit, a decision was made to locate all elenments
of the dosimeter package outside the pressurized suit. Of all possible con-
cepts, a self-contained package to be located in a pocket on the autside

of the space suit in the region of the abdomen or thighs appeared to be most
convenient while still maintaining reasonable elements of 2ood personal
dosimetry concept. While the outside environment is guite hostile in tovems
of temperature extremes to electronic instrumentation ot all sorts, it wa-
Yelt possible to moderate the environment by good thermal contact between
the dosimetry packha e and the space sulit itsell. This tends to severely
limit the size and weight of the jnstrunent-since it clearly should not
interfere with the free movement of the astronaut in any way. It was

agreed that these conditions could be fulfilled by a package approximately
1™ x 2" x 3" provided it was carefully designed to be iree of any sharp
corners or projections which might represent a source of damage to the space
suit. Because of the requirement [or tree movement ol the astronaut, par-
ticularly in connection with movement on the surtface of the moon, the
dosimetry system should be completely independent of the spacecraft with
regard to power and readout provisions. This limitation then required a
power system and readout provision which could be packaged in the alotted
space while still providing power and provision for readout tor the entire
duration of the mission. It will be c¢lear that these requirements have
imposed certain limitations on a dosimetry system. However, the advantages
of flexibility of use gained would appear to outweigh any disadvantages

introduced.

il




4. GENERAL SYSTEM DESIGN

A basic dosimetry system consists of a detector responsive to ionizing
radiation, an electronic system capable of converting the signals from the
detector into some quantity proportional to dose, a readout system capable
of displaying the accumulated dose, and a power source to provide energy
for the other components. The two aspects of the system which interface
with the outside world, the detector and the readout, tend to dictate the

over-all system design. In both cases, the extreme requirements for size

\ f

and power consumption have severely limited the available choices. A con-
ventional gas ionizatim chamber is clearly not applicable. Even for chambers
vperated at high pressure, the available chdamber volume is so small as to
reduce the amount of observed charge below the reasonable threshold of obser-
vation. Gas proportional counters are little better. While considerable

gain is available in the gas amplitication process, the stability of such
devices particularly in the small size necessary is extremely questimable.
The logical choice is the semiconductor radiation detector, since this

represents the highest density device capable of producing electrical charge

proportional to energy absorbed trom radiation fields. In order to reduce,

[y

insofar as possible, directional effects and to simulate as nearly as

possible the dose produced in tissue, a small cubic detector embedded in a
tissue equivalient medium is employed. The size of the detector is dictated

by the conflicting dosimetry requirements that, on one hand, the presence

of the silicon perturb the tissue equivalent environment as little as
possible, and on the other hand by the requirement that: the detector be sensi-
tive to minimum ionizing pérticles' and have a reasonable response to gamma

rays as well as the basic sensitivity to protons.

P ad

The basic requirement on the readout is maximum readable dynamic range
and resolution consistent with the size requirements. Because of the wide range
ot radiation conditions anticipated, readable dose should extend from a few
millirads to as much as 500 rads. A range of 5 millirads to 500 rads rep-
resents an over-all range of 10°:1. This might in principle be compressed
into a logarithmic scale as is commonly done in survey meters of various-
types. The limitation of a logarithmic scale is the inability to re:d small

dose changes super-imposed on top of a relatively large dose, and thus

I
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indications of rate are rather difticult to obtain. A multi-scale instru-
ment having fine, medium and coarse indicators would permit a linear scale
instrument to have suftficient dynamic range. If one considers an instrument
with a circular scale o! approximately 17 diameter ovr 75mm circumference.

then 100 divisions on such a scale would represent a distance of 3/4mm per
division. This is easily readable & norms! viewing distauces. Three scales
then, each bearing a 1U0:1 relationship to each other would permit a

potential rangeability of lﬂb:l or an order of magnitude greater than that
required by the extreme dynamic range. Such an indicator was created

through the modification of a conventional watch [ace. This three scale
instrument has proven exceptionally readablé in a wide variety of environ-
ments énd represents a format reasonably ftamiliar to everyone. Its most
severe disadvantage lies in rhe ratios o 6, 60 and 12 which corresponds

to our non-decimal divisions of the day into seconds, minutes and hours. To
bring this {face into keeping with a decimal sub-division, scale factors of

50, 50 and 10 are adopted. While this provides a rangeability of only 25,000:1
a loss of resolution by requiring closer interpolation hetween divisions .on
the least significant scale is a small price to pay for the immediate and
obvious readability of the most significant scale. This compromise was
considered most appropriate since it places the greatest readability in

that portion of the scale where the potential hazard exists. A watch mechanism
itself represents perhaps the most compact wide range indicating instrument
which is presently available in electromechanical technology. In particular,
the tuning fork driven watch movement manufactured by the Bulova Watch

Company for its Accutron wrist watches seemed particularly suitable esjweoially

in view of its previous application in satellites for timing and control.

The electron '
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storming the impulses of charge-coileoted
in the detector into the deflection of the Accutron watch movement, 1s
necessarily of some complexity. 1In brief, it consists of a charge sensitive
preamplifier producing pulses proportional to the charge associated with the
individual interactions in the detector, a multi-scale amplifier capabiw

of bringing these pulses up to a level suitable tor total! charge integratian,

a threshold integrator converting these pulses into a current propor!  oiai

_to dose rate, an electrochemical cell capable of integrating this oo et
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jn the form of a total amount of material deposited in the cell, and a
readout circuit capable ot translating this integrated dose into a time
interval to be measured by the output indicater. Power is provided from
silver oxide primary cells providing in excess of 500 hours of over-zll
operation. A small DC-DC converter provides bias for the detector. In
order to meet the packaging requirements two difierent.vunstructiul tech-
nigques have been emploved.  Preamplitier-mmplitier is ¢ thin {ilm hybridg
unit occupying slightly more than 1/2 cu.in ior a 12 transistor amplifier
the remaining circuitrv being built with subminiature components on ar
etched circuit board which serves as a supporting chassis for the complete
assembly.  The puwer « pply is housed in & separate plug-in modular con-
figuration to permit ease of interchange of the primary power source ard
possible future modification of the dosimeter tor operation off suit or

sparcecraft power.
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DETAILED SYSTEM DESTGN

5.1 Detector

The silicon junction nuclear particle detector can be regarded a-
an ionization chamber in which one electronic charge is collected tor
every 3.5 electron volts ol energy dissipated in the active volume of
the device. The charge then collected is given by F, the charge on
the electron divided by 3.5 coulombs/eV. Since there are E joules eV
the electronic charge cancels out and 1/3.5 coulombs/joule is collecied.
For a detector mass of one gram this wquld represent 1/3.5 x 10-%~Cnu?nmbs
collected/rad or 10—8 coulombs/millirad. Significant dose rates range
down to the order of 1 to 2 millirads/hour thus the collected current of
these dose rates would be less than 10_1l amperes. Since at normal
temperatures, thermally generated currents in the silicon detector are
several orders of magnitude larger, it is clearly impractical to attempt
to collect and measure the charge collected in the detector by simply
measuring the integral of the DC current flowing, as is done in gas
ionization chambers where leakage currents can be reduced to the Lﬂ’Kb
ampere range. It is then necessary to be able to observe the pulse o
charge collected irom each ionizing event in the detector which, because
it is a discreet pulse can be amplified by conventional nuclear pulse .
amplification techniques. Under these conditions, the thermally .enerated
DC leakaye current can be ignored since it flows more or less as a
continuous current and can be isolated from the system by means of a
capacitor. The choice of an bptimum detector configuration is based on a
compromise between a number of considerations. Silicon detectors can be
fabricated with the mass of the sensitive region of the detector ranging
from 1 milligram to the order of a few grams. From the point of view of
isotropic response a detector having a spherical sensitive volume is
clearly the mnst desirable. While spheres have been fabricated, the
reiiability and reproducibility of such devices is in serious quest ion.
The response of a cube, which represents the simplest and reliable c¢:m-
Figuration for the detector, is very nearly equivalent to that .t the
sphere. The mass per unit area presented by the detector fromw * «r.ous

aspects differs less than 10% from an ideal sphere. trom the poir:
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cew of maintaining a nearly ideal tissue response, the detector should
bhe 45 small as possible since, when embedded in a mass of tissue equiva-
lent material, the smaller the detector mass the less the perturbation of
the population of secondary electrons produced in the tissue equivalent
material. However, the available pulse heights vary inversely with the
detector dimensions. A limit exists on the minimum pulse height which
can be detected, impoused by the noise of the .ssociated preamplitier. As
a practical matter this limit is of the order of 50 keV for transistorized
amplifiers operating over a wide temperature range. For this reason, it
is desirable that all pulse heights of interest he large compared with
this number. A minimum ionizing particle loses of the order of 350 keV
per millimeter of silicon. This would then set the appropriate detector
dimensions of the order of 1-2mm. Considerations of sensitivity at low
rates dictate the use of the larger of these two figures and a detector
ol 2mm on edge has been adopted. The presence of this amount of atomic
number 28 material in the tissue equivalent mass, tends to provide excess
response for low energy secondaries since they will be completely stopped
in the detector. On the other hand, the necessity of imposing a cut-offt
on energy due to amplifier noise, tends to result in a deficient response
in this region. The preservation of response to gamma rays over a wide
energy range is achieved by the use of a detector of this thickness.
The response to fast protons is almost independent of the choice ot
detector thickness provided the detector is thin compared with the range
of the protons of interest. This energy range is determined by considera-
tion of the depth at wﬁich ionizing radiation is most likely to produce
the greatest damage. As this is the order ol several centimeters the nost
interesting range of proton energy is of the order of 100-200 MeV.
These particles will deposit their maximum amount of energy at depths of
several centimeters while protons of lesser energy will be stopped in the
superticial layers of skin and muscle. The more energetic protons will
completely penetrate the body and represent an LET only slightly greater
than electron. A 2mm detector is clearly thin compared with the range of
these particles and therefore should reflect the dose quite accurately in
the range of interest. The largest available pulse height trom the

detector will be approximately 20 MeV corresponding to the energy particle
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which is just stopped in 2mn of silicon. Minimum ionzing particles
deposit approximately 0.7 M'V. Gamma rays will produce a spectrum of pulse
heights corresponding to the typical Compton distributian from zero up to
the Compton edge. For enerygetic gamma rays this distribution is rather
flat with energy and the photo and pair production contribution is

almost negligible. At energies of 100 keV and lower, the gamma processes
tend to be more and more concentrated in photo processes resulting ir
electrons having the full gamma ray energy. At épproximately 50 kevVv

the energy absorbed/unit mass of aluminum, which is very similar to
silicon is more than double that absorbed by tissue. At 100 keV these
are nearly the same. However, as a result ot’ the presence of a 50 keV
threshold imposed by the electronics, no energy deposition by Compton
processes at 50 keV will be observed and a deficit of appraximately 1/2
at 100 keV will exist. Thus in first order the apparent dose lost due
to the ignoring of Compton processes by the energy threshold tends to be
compensated for by the excess photo processes in the higher atomic number
silicon as opposed to tissue. A detector is surrounded by approximately
2mm of tissue equivalent material in order that equilibrium exist for the
secandary electrons generated from gamna rays up to 1 MeV. This is a
compromise directed toward avoiding excess material which would increase
the threshold for good proton dose measurement. It is unfortunate that
the achievement of good gammna dosimetry and good proton dosimetry is some-
what antagonistic in a single instrument. However, the 2mm tissue wall
appears to be a reasonable compromise. The tissue equivalent material
selected is a silicone rubber in which the silicon detector is kiown to
be stable. The average Z is slightly higher than the equivalent average
Z of tissue since it is somewhat deficient in oxygen and contains an
appfeciable silicon content. However, this tends to be compensated for
by slight excess of h“drogen. The detector is then canned in a TO-S
transistor can contributing somewhat to the proton energy threshold by
virtue of approximately 10 mils of stainless steel. The canning of the
detector was felt to be essential to the assurance of long term reliability

and stability of the detector.

J1
N

Amplitier

As has been discussed, the system performance is largely depe:.de;.t

upon the noise level and dynamic range ol the amplitier associated with
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the detector. T1{ a threshkold is to be placed at 50 keV, the noise

level of the amplitfier must Le soiliciently low that the probabilitv
ot exceeding this threshold |« vanishingly small, otherwise integratrion
over lony periods ot time o!f (he noise pulses which exceed the threshold
will represent the accamuiaticn ot a talse dose. In order to reduce the
ﬁrobability of & noisc paltse crossing this threshold, it is necessary

- that the RMS noise be less than 176th ot the threshold or less thar £.33
keV. Multiplying by 2.35 to convert to FWHM one gets a permissible
amplitier noise oi 19.0 keV (FWHM). The minimum noise is generall.
achieved when the amplitfier contribution and detector contribution ar.
approximately eqi.al. This condition comes about by the ‘selection ot
a shaping time constant in the amplitier which equalizes the shot roise
contribtiution ot the ampiitier with the leakage current noise of the
detector.  Since these nojses add incoherently, the permissible amplitier

noise is 19.6 keV divided by the square rnot of 2 or approximatelyv 1t keV.

As this represents most ot the state of the art tor low power transi<tor-
ized amplitiers, extreme care in the desizn ol the amplitier and se!ection
‘of components m.st be used to insure meetfing this ticgure. The conven-
tional charge sensitive amplitier configuration. employing an operational

w inteygrator as the input element was chosen, as displaying very nearly the
optimum noise and calibration stability ot all possible amplitier types.
Drawing Cl502E1554-065 (s a schematic diagram of the amplitier. The de=
“tector is connected between terminals D and E and supplied with positive

bias through the load resistor R, and the deecoupling network R,-C As

i 3 71
noise and ripple on the detector bias supply contribute directly to the

S
7
nal noise trom the detector bias supply., Negative signals {rom the detedé-

noise ot the amplitier;, this decoupling is essential to remove any resid-

. tor are coupled through C2 tu the base ot the input transistor Q]. In
order to minimize Miller eftfect in 0 its coliector load is extremely low,

being the input of 4 grounded base transistor stage Q This is a famiiiar

- 2°
cascode connection almost uvniversally employed in low noise niclear pulse
ampliliers. While the voltage sain of Ql is less than unity, its ¢ rrent
sain is equal to the beta of the transistor. The transistor is sesiected
to have a heta in excess ol 100 at approximately 10 microamperes @'

aperating curvent ol Ql and Q2. The grounded base stave 02 SOPpTes




~

T W TS e

s

Pl

pEEIESE T TN -

14—

the voltage gain for the operational integrator; its output is connected
to an emitter follower Qﬁ in order to provide an impedance match to the

load and the fteedback path. RlU the collector load for Q2 is bhootstrapped

N

by means of feedback througlhi . trom the emitter of Qg. This bootstrap
connection is necessary to maximize the open loop gain of the operarional
integrator while still reserving the appropriate stability conditiors.

~

Feedback !'or the operationsd integpdtor is through ¢, which determine -
N )

the sensitivity of the preamplitier. This sensitivity can be expressced

as

b ) N
Vo © 970

where VO Is the atput voltage from the emitter of Q%, Qi the inp:t

charge from the detector and (If the feedback capacitor C( equal to &~or,
i ]

The input charge i= most conveniently expressed in terms of equivslent

energy deposited in the detector.
= 5./3.5 x
Qi l]/ 5 x e

where Ri is the input erergy, e is the electronic charge, and 3.5 arises
from the energy in electron volts necessary to produce one hole-eiectron

pair. Inserting numbers, then
-1t
Qj " Ej x 5x10 1 coulombs/MeV

Inserting this value f{or Qi in the previous equation

. -2
VO = Lj x10

or
vﬂ/Ei = 10 millivolts/MeVv

A true operational integrator would be severely limited at high counr
rates since the output would continue to grow with successive input
pulses without limit. For this reason, departure tvom an ideal inte-
grator must be introduced by by-passing ihe feedback capacitor with a
resistor. This time constant is usually made of the order of LU0 micro-
second in order to avoid ihtruducing excess undershoot when successi-e
ditferentiation takes place. The required resistor would be ot ¢ he

order ot 20 meg ohms. The use ol such a resistor across L{ is imp- wctical

'
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For two reasons. First a generation of such high value resistors in
thin film hybrid cirvcuitry is excredingly difficult since the resistors
are {Tormed by evaporation ot thin metal film. In addition, since the
base hias for Ql is established through this resigtor, instability of
the bias point with temperature would be the consequence of changir g
base current through such a large value ol resistor. For this rea-on.
a teedback network consisting of RllA and REj is used to effectivel:
reduce the magnitude ot the feedback resistor te a more practical «ire.
RllA and R% torm a 7:1 attenuator between the emitter of Q3 and tke return
point for le the base resistor. Thus, ftrom the feedbsck time constant
point ol view. f e 1 meg ohm resistor in the base return cirvcuit is
eftfectively seven times as great. While this is admittedly a comprorise
from the 20 meg obm most usually employed., the resulting 35 microsec.nd
time constant is adequate to assure proper operation in subsequent parts
of the system. The DC feedback provided by this path serves to stabilize
the operating point of the amplifier in the presence of changing B+ vol tage
and varying temperature. Other versions of this amplifier built o

other applications have shown goond stability trom a B+ of b volts to 18

. 0 o]
volts over temperature ranges Urvom -40°C to +657C.

The rapidly rising slow decaying step signals f{rom the operational
integrator preamplifier must then be processed to provide optimun noise
response tor the system. Thiz is generally shown to require an integrating
and differentiating time constant approximately equal. Experimentaliy
values of near | microsecond were tound to represent the best noi-e per-
formance consistent with good periormance at high counting rates. The
shaping amplifier which tollows the preamplifier uses the same circuit
as the subsequent voltage amplitiers with the exception ot the inclusion
of feedback integration and interstage difterentiation. These three
stages will then be discussed at the same time. The reguirements {or
voltage amplif'ier stages arise f'rom the extremely wide dynamic range of
pulses which must be processed in the dosimetry system. As we have 3wen,
pulses ranging from 50 keV threshold to 20 MeV pulses from protons. must
be processed with good linearity. This represents a voltage range of
5mv to 200mv at the output of the preamplitier. Tn order to impo-e a

reliable threshold later in the svstem, the minimuom signal ot O.5¢ ne-t
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be amplified approximately 1009 times to ol the order of 500mv in

order to use the a500mv energy gap of a silicon transistor as a
threshold device, If linearity is to be preserved? this would imply

a dynamic range corresponding to 200 volts for the largest signals.
Clearly in a low power traassistocized amplifier, the achievement of

such a high voltage output i{s oot practical. Tor this reason, a multi-
scale amplilier must be used. By multi-scale amplifier iIs meantan
amplifivr chain in which signals corresponding to large inputs are

taken off early in the chain for subsequent processing and are permitted
to saturate the -tages later in the chain whereas low level signals are
amplified by the later stages to provide linear outputs. Three such
outputs are used, the highest level going from 5 MeV to 20 MeV, the
next from 0.% MeV to 5 Me\' and the last from 50 keV to 0.5 MeV in which
these limits represent the SOva threshold and a 5 volt saturation level
respectively. The requirement on the amplifier stages is that they have
an accurately controlled gain ot 10 with linearity up to 5 volts and
graceful overload characteristics. .In addition of course, power con-
sumption must be kept to an absolute minimum. In order that the ampli-
fier be non-inverting a two stage amplifier loop is indicated. The
large available output swing of up to 90% of the B+ voltage and low
power consumption is obtaired by the use of complementary stages in which
the quiescent current is made as low as possible consistent with main-
taining good gain bandwidtl: product for the transistors used. In order
to obtain the necessary stability over-all feedback is used. The tirst
stage is a difference amplifier using two n-p-n silicon planar transis-
tors of the 2N930 general type. The differencé amplifier compares the
input signal with a portion of the output signal and supplies the ampli-
tied difference signal direct to the base of the p-n-p output transistor.
Referring typically to the second stage, feedback to determine the gain
» 27 and R28 10K and‘QGK ohms
respectively. DC stability is insured by R26 and C13 which provide very

of the amplifier stage is determined by R

high feedback at DC in order to stabilize the operating point in the
presence of changing temperature and changing B+ voltage. The operating
point of Q7 is determined by a base divider conéisting of sz ar.d ’)5

which fix the base voltage at 1/2 B+ voltage. DC feedback will then :ix
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the base of QB within a few millivolts of this point. The divider
consisting of R26’ R27, RZR and qu determines the operating point
of the output transistor since the voltage at the collector of Qg
will assume a value which makes the base of QB assume the same voltage

as the base of Q7. In order ftor the base of Q_, to be 3 volts, the

8
current through the series combination of R’ﬁ and R27 will be 3 volts
divided by l40K or approximately Z2 microamperes. This 22 microamperes

9
then operates at approximately 1 volt. In the actual case this steady

flowing through R28 produces a drop of 2 volts. The collector of )

state operating voltage 1s somewhat lower due to the base current drawn
by Q8. The excursion of the output signal is limited by saturation of
Qg. Since the saturation voltage of Q9 is of the order of 0.2 volts,
an output voltage swing of 5 volts is obtained with a 6 volt supply.
The stability of the saturation level is assured by the DC feedback
path described earlier. Under saturation the collector of Q7 is
connected back to the positive supply. Q7 then effectively becomes an

emitter follower due to the common emitter resistor R. Thus -the high

input impedance is maintained even in the presence ofzgeep saturation
80 no excessive charging of Cl2 the coupling capacitor is experienced.
This permits the circuit to recover within the length of the pulse from
extreme overloads. The shaping amplifier consisting of Qq, Q5 and Qb
is similar with the exception of the inclusion of C9 to limit the high
frequency response to an optimum value and the increased gain of the

stage due to RlSA and R in parallel in order to compensate for the

pulse height losses aoeoiganying pulse shaping. To provide sufficient
open loop gain the common emitter resistor value is halved at the expense
of additional stand-by power consumption. Differentiation is accomplished
by ClO and RZl to provide a 1 microsecond decay constant. As a result

of the differentiation the available pulse height excursion at terminal

F is limited to 3 volts instead of 5 volts, resulting. in saturation level
of" 30 MeV at the input. Since, as we have seen, the largest pulse
pussible in the detector is of the order of 20 MeV adequate dynamic

range exists to.avoid saturation at high levels. Since a gain ot ten is
obtained in each of fhe three amplifier stages, a gain of 103 from trhe

preamplitier permits raising 50 keV signals to 500 millivolts at - otpur H.
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5.3 Anticipated Counting Kates

It is important to express the dose-rate in terms of counting
rates of various size pulses in order to determine the effects of
pulse pile up and overload. The mass of a 2mm cubical detector is
given by V_, the volume V is 81077 em’ and the density of the crystal
2.33 grams/cm?. This gives a mass of JH.(»x_l_U-3 grams. Since one nad
deposits 100 ergs/gram, one rad would deposit in the detector
lOleB.GxJU_j or 1.86 ¢rgs. This is J.86x10—7 joules or since there
are l.ﬁxlO_lQ joules/eV there will be deposited approximately l.2xlﬂi2eV/
rad or l.leGbMPV/rad. In a radiation tield of 1 rad/hour this would
imply 330 count- - sec for 1 MeV pulses and about 5U0 counts/second tur
minimum ionizing pulses. As the amplifier can accommodate pulse rares
up to about 50,000/second, there should be no difficulty in accommc -
dating any conceivable radiation dose-rate which might be encountered
in a space situation., T1f the‘l.leﬂbMeV/rad has the basic detector
response multiplied by the sensitivity of the amplifier in volts/MeV,
then the result is a figure having the dimensions of volts/rad and is
numerically equal to l.2xlO7 for the H or highest gain output, i.e. the
product of the number of events and the pulse height for an integrated

dose of 1 rad is equal to this figure.A

5.4 Pulse Integrator

The outputs from the amplifier must be integrated to provide total
dose information. Since the rate of accumulation of dose varies over
very wide limits, rather exacting demands are imposed on the integration
circuitry. Conventional operatiovnal integrators are limited by leakage
current to integrating times of a few minutes. Since significant doses
may be accumulated over periods of hours, such integrators are obviocusly
not suitable. FElectrochemical integrators have been investigated as a
means of providing drift free integration over periods ranging from
seconds to hours. Among the devices invewtigated are the Memister which
consists of an electrochemical cell in which metal is piated from .n
electrolyte on to a resistive substrate in order to provide a conductance
proportional to integrated plating current, the Solion cell whict inte-
grates by electrochemical conversion of iodide iron to iodire a:d s h-

sequent diffusion of free iondine through a semipermeable membrane, -arious
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types of coulometers invol.ing visual readout of a column of plated
material, and the Bissett Rerman [-nell. The first two were basically
tound unsuitable as a result of the tendency to show zero drift in the
absence of a plating current. The visual readout coulometers tend to
Jack sensitivity ard scale readability. The BissetEBerman E-cell ias
shown the greatest promise and was adopted. Briefly, this cell consists
of two caretully prepared noble metal electrodes immersed in an electro- .
lyte containing an excess ot silver ions. A measured amount of siiver ‘
is plated irom an external electrode on to one of the electrodes and the
cell field by crimping of a platinum seal-off tube. sSubsequent adjust-
ment of the amount »f free silver in the.cell can be accomplished by
plating some of the originally deposited material on to the platinum seal-
off tube. Integration takes place during the passage of a current !rom
zero to 10 mieroampere through the cell with the silver coated rese:voir
being the anode. In accordance with Farraday's principle one gram
equivalent of silver is transferred for every 96,500 coulombs passed
through the cell. This process continues either until the silver reser-
voir is completely depleted, detected by a rise of potential across the
cell, or the cell is read out. Readout consists of reversing the plating
current and measuring tdtal charge necessary to return- all the silver
back to the reservoir detected again by an increasp in voltage drop
across the cell. Since silver can transfer only with the passage of
current the cell is stable as long as the current passing through is sero.
The plated material can be permitted to remain indefinitely on either
electrode and the cell restored to the original state by plating it to
the reservoir. While definite temperature limitations are imposed by

the freezing of the electrolyte at approximately -SOOC, it appears to
offer a suitable integration means for the dose recorded by the system.
The pulses from thé amplifier>cannot be integrated difectly by the t-cell
for two reasons. First, the pulses necessarily are bi-polar i.e. contain
no DC component since they are capacitively coupled both within the
amplifier and at the output. Secondly, any attempt to integrate the
pulses directly would result in integrating noise which, though smali in
amplitude, is present continuously and theretore can result in the
accumulation of appreciable apparent dose. The latter problem is gealt

with by means of three emitter followers which are biased to present a
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threshold of 500 millivolits to the incoming signal. This corresponds

to the energy gap of a zero biased silicon transistor. In drawing
B1503FK1554-65 these are QJ, Q2 and Q3. Signals tg any of these three
inputs must exceed 500 millivolts before any output appears at their
emitters. 1In order to convert the bi-polar input pulse to a unidire:-
tional current, a non-linear element must be introduced. However, such
non-linear elements must not distort the basic linearity of the system,
i.e. in spite of the presence ot these elements, the integrated charge
should be equal to the pulse height, pulse rate integral of the inpuit.

To prevent the non-linear elements, in this case diodes D2 and D3 trom
affecting the !inearity of the system, the E-cell, its bypassed capacitor
C

integrator composed of QS and Qb' Q6 serves as the integrator having the

2 and diodes D2 and D.‘j are placed in the teedback loop of an operational

E-cell and its associated components connected from collector to base,
and Q5 serves as a switch to ensure zero output from the integrator in
the absence of a pulse above threshold. 1In order to understand the

action of the integrator, consider a pulse from the amplifier applied to

the base of Q3. If this pulse is in excess of 500 millivolts, Q3 conducts.

The base emitter junction of Qu is in its collector circuit and Qq, whiich

has been ﬁormally bypassed off, turns on, clamping the base of Q.j to B+.

Previously, R

9 turned on Q5 clamping the collector of Q6 to approximately

1 The low impedance of the saturated
transistor Q% prevents any small signals present at the collector of 06

from overcoming the diode gaps of D, and Dj and hence causing spurious

2 ‘
integration of charge in the E-cell. However, as QS is cut off by the

u

saturating of Qu, the collector of Qb is tree to fall from its previous

value. The charging current of C3 flows into the base of Qﬁ. As its

collector falls, the charge Flowing into_Cq

supplied by the feedback path through D2 depositing a charge on C

trom the emitter of QB’ is

b

proportional to the charge on C At the conclusion of the pulse, Q

conducts once more transferringBthis charge through Ds toc the E-CP!I?
Higher level signals overcome the threshold of either Q2 or Q, the total
charge being summed into the base of Qﬁ through capacitors determired by
the desired scale factor. The amount of charge deposited on the I'-eel|

is simply equal to the summing capacitor CS’ C2 or (‘,J times the olse
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voltage. Considering now (‘,.3 the charge delivered will be 50 pe/volt.

Multiplying this by the pﬁevious sensitivity figure of l.2x107vo]tsfrad

we get an integrated charge of J.Ex107 X SleO'l2 or 600 microcoulombs/r~ad.
At a dose rate of 1 rad/hour, this results in a current of 600 micro-
coulombs divided by 3bU0 secnnds or 1/6th ol a microampere for a 1 rad/up
dose rate. Since the F-cell can tolerate 60 times this dose rate, the
E-cell and integrator impose a limitation ol 1 rad/minute for the incident
duse rate. The same scale Factor halds {or higher energy signals

capable ol overcoming the threshold of Q2 or QL' Since each volt ar -his
point represents either ter or one hundred times the incident dose rate,
the capacitors C} and Cl are made ten and one hundred times larger than

C; respectively. The 500 millivolt thresholq introduces no appreciable
non-linearity in the response for the following reason: If a signal has

sufficient height tc exceed the threshold of 0,, the 500 millivolt which

it loses across the threshold gap is just compénsated by the saturating
signal appearing at the base of Q2 but coupled into the integrator by
1/10th the capacitance. The same is true of the 500 millivolt gap at Q2
being compensated by the corresponding saturation signal at the base of
Q3. The 500 milliivolt gap at the base of Q3 is compensated tor by a <tep
at the collector of Qu, capacitor CH adde in the appropriate charge to

make up for that lost.

The readout from the electrochemical cell is accomplished by means
of a control flip-fldp consisting of Q7 and Qg. Readout is accompl ishe:d
by reversing the directional current flow through the E-cell and measuring
the time required for a corstant current to reverse plate the silver
initially transferred»during dose accumulation. Initially, assume Qy is
conducting. The collector of Q9 is then clamped within 0.1 volt ot its
emitter. Q7 is then cut off since its base is returned to ite emitter
and diode DUr is reverse biased. The E-cell accumulates in a normal way.
The operating point for the base of Qﬁ is determined by the potential
of the saturated collector of Qg' Readout occurs it either one of two
conditions is fulfilled. 1If the E-cell is completely plated across.
the voltage across the E-cell begins to rise due to the integrator -ittempt-

ing to push. additional charge through the cell when there is no m:e
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platable silver available. This causes a rise in the base of Q7 until

it conducts cutting off QlU and Qg through the usual flip-flop action.
Cutting off QlO causes the output indicator to run as will be seen later.
When Q9 is aut off, its collector current then flows through the E-cell

in the opposite sense to the original plating current, returning to the "
common through the base of Q7. This keeps Q7 conducting as long as
reverse plating is taking place. Alternatively, the readout process may
take place on demand by pushing the readout switch which momentarily cuts
off QlO' If platable material is available on the E-cell, the flipfflop
will remain in this state until this material is reverse plated. As
reverse plating nears its end point, the collector of Q9 begins to rise
since the E-cell can no longer maintain a low voltage drop without plat-
able material being available. This rise in potential raises D5 and D6
into conduction causing the silicon control switch QS to become conducting

and clamping the collector of»Qg to its emitter. This cuts off Q7 and the

~original state is maintained. Since reverse plating takes place with 10

microamperes, the 600 microcuries/rad results in a 60 second readout
cycle/rad. This corresponds to one revolution of the second hand on the
readout timer establishing the scale factor of 1 rad#fevolution for the

second hand.

5.5 Readout Circuit

As has been previously discussed, the Accutron watch movement is
used as a basis of scaling the time necessary to back plate the E-cell
for a given charge. This is a ruggedized version of the tuning fork driven
wrist watch in common use. Several requirements have had to be met in
order to make this device useful for reading out the dosimeter. First,
the gear ratios have been altered such that a consistent ratio between
scales is established. The second hand represents 1 rad/revolution. Since
the watch face is divided into ten major divisions each of these corres-
ponds to 100 mr and in turn each of the major divisions into five minor
divisions corresponding to 20 mr each. Since the eye can easily resolve
half of one of these divisions, 10 mr represents the resolution ot the
readout system. The minute hand makes one revolution for every 5%
revolutions .of the second hand, thus it represents 50R/revolution or 4R

for each major division and IR for minor division. The hour hand makes
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one fevolution for each ten revo]utjpns of the minutehand, giving a

full scale unambiguous output to 500R. The Accutron movement presents
some difficulty in being used in the intermittent mode. As normally

used it runs continuously and is somewhat sluggish in starting. In fact,
in general, it will not start by itsell but must be given a sharp tap to set
the fork initially in motion. While this is useful in a watch in order to
provide a precise setting feature, it is clearly a source of difficulty

in the present application. In addition, the large amount of stored
energy in the tuning fork, tends to cause the watch to continue to ad-
vance after power is removed from the fork. While these two effects.

that of a sluggish start and coasting after.stop, tend to cancel,
unfortunately, they are both temperature sensitive and therefore are to

be minimized. The circuit involving Qll’ le and Q13 is directed toward
that end. Q

<13
The tuning fork drive winding is connected in its collector feedback

is the basic oscillator to sustain tuning fork oscillations.

winding supplying base drive. R21 and C13 maintain the appropriate

base bias. C is required to suppress high frequency oscillation modes

which result %iom incidental electromagnetic coupling between the drive
and feedback windings and a i{requency far removed from the fork oscilla-
tion frequency. In order to prevent coasting, or for that matter any
motion of the watch alter power is removed, Qll is kept saturated across
the drive winding. This acts as a dynamic brake reflecting a very large
damping factor into the Fork through the drive winding. le supplies
the basic drive power as a series switch. It is normally biased oft when
Qll is conducting. The watch is started when QlD is cut off. This cuts
off Qll removing the damping from the drive winding and permits ng to
saturate le, effectively connecting the drive winding to B+. C12 is
normally charged to approximately 2 volts by a small amount of leakage
current which is fed to the circuit through R,4. When Q,, is saturated
then, initially four volts or approximately twice the operating veltage
is imposed across the drive circuit for a period of a few milliseconds.
As Cl

circuit falls to its nominal value of 1.5 volts. This high initial

o charges to its equilibrium valug the voltage drop across the drive

transient voltage across the drive circuit causes rapid starting e-.en
in the absence of an initial impulse. The watch runs until Qlﬁ O0e

again saturates, turning on Qll and off Q12 and returning the circuit to
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its quiescent state. While the circuitry involved in integrator and
drive circuits may appear quite complex, considerable effort has been
devoted to reducing it to simplest terms consistent with achieving
the required operation. Attempts have been made to minimize bulky
components with the result that the entire circuit occupies less than

1 cu.in.

5.6 DC to NC Converter

in order to provide approximately\lSO volts bhias for the detector,
a DC to DC converter is required. With a view of maximum simplicity,
a single ended blocking oscillator type of converter was used. Drawing
A1502E1554=65 shows the circuit adopted, a subminiature audio transformer
is used to provide a stepup of approximately 22:1. The operating
frequency is kept below 1 kilocycle to conserve power, as determined by
the .005 microtarad capacitcor and 750K resistor used in the base of the
feedback circuit. A simple half way rectifier is used foilowed by am
section RC filter to remove any residual ripple. Power consumption is
approximately 60 microamperes at 6 volts for 1 microampere output at
150 volt giving an efficiency considerably better than 30%. To provide
greater {lexibility in power supply and to minimize possible interference
between the DC to DC converter and the low level circuitry, the DC to
DC converter is contained in the power module which is eeparable from the

mainbody of the instrument.

5.7 Primary Power Source

A number of different primary power sources were investigated with
a view of providing the greatest operational flexibility consistent with
the duration of the mission. Rechargeable batteries of a nickel cadmium

or silver cadmium type were considered from the point of view of con-

venience, particularly during calibration and ground handling. Since these

are rechargeable during periods of idleness the instrument is always in a
state of readiness for use. Unfortunately, the amount of space required

for rechargeable batteries sufficient to provide power hetween chargings

for one complete mission, is greater than the space which could be alotted.

For this reason, the primary batterv of the silver oxide-zinc type was used.
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This battery type originally developed for use in compact héaring aids,
electric watches and similar applications represents the most compact
source of energy available capable of working over reasonable temperature
range. The individual cells are contained in a detatchable pawer module
along with the DC to DC converter capable of being changed'in flight if
necessary. This module was originally designed to be made from plastic

to minimize weight and provide electrical insulation. However, structural

considerations forced a change to anodized aluminum.
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6. MECHANICAL DESIGN

The basic mechanical design of the unit is shown in drawing C1503M1554-65

. As is obvious considerable crowding is required to fit'in all the necessary

components. The package is basically divided into two sections, the dosi-
meter and the power supply module. The power supply module is a plug-in
assembly containing the DC to DC converter for bias and the silver oxide ”
cells for basic power supply. By making this unit separable, the system

is readily adapted to using other sources of power. Twelve Union Carbide
Eveready type S76 silver oxide cells are used in three stacks of four

each. These cell stacks are connected in parallel by a beryllium copper

contact assembly in the bottom of the wells provided for the batteries,

the ground being effected on the negative side'df the batteries through

a beryllium copper contact sfrip which closes the side of the compartment.

The dosimeter itself consists of five major components, the detector

assembly, the amplifier assembly,-fhe demand readout switch and the |

modified Accutron watch, together with the circuit board assembly which

supports all internal components except the watch movement and has built L

on it the threshold integrator and readout circuits. It is secured to

Two additional screws support the amplifier assembly. The detector is . '1
provided with a socket to permit its being interchanged without damage to
the detector assembly or other components. In order to fit into the
available space, a special subminiature switch assembly was fabricated
using a type A5-71/P3 microswitch and a push button assembly built into
the case wall. The details of this are self-explanatory in the drawings.
The watch movement itself is supported directly from the case by means ot
four moumting screws, into the front of the case. Removal and replacment
of the entire assembly is accompliéhed through the removal of all screws
permitting the flush mounted watch movement to drop down slighyly below
the surface of the housing. -The circuit board and watch movement can
now be removed by sliding out through the open end of the housing. Be-
cause of the small physical size and low mass of all the components
employed, little difficulty is anticipated in surviving the Apollo shock

and vibration requirements. The most vulnerable part of the instrument.
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is the thin aluminum housing itself. Since it is anticipated that this

will be carried in a pocket in the space suit, most of the G load will be

" rather uniformly distributed over its outer surface and for this reason

relatively thin housing reinforced by the rather massive power supply
compartment should be able to withstand all stresses that might con-
ceivably be applied to it. The power supply compartment is designed to
be removable in flight should a change in mission profile require more
battery life than is readily obtainable from the silver oxide cells. It
is secured in place by two ball catch type fasteners which are capable
of maintaining its position under rather severe loads. Space is avail-

able for a semi permanent fastener to augment this should it be required.

The push button presenté some difticulty in arriving at an optimum
design. In order to avoid the possibility of projecting items catching
on the material of the space suit, a flush push button design was indi-
cated. On the other hand, some difficulty may be experienced depressing
flush push button with a heavily gioved hand. The method of assembly,
however, lends itself to increasing the push button area almost indeti-
nitely to include if.necessary, the entire upper portion of the case.
Only extensive trials with appropriately gloved hands will be able to
decide this question. No attempt has been made to pressurize or hermet-
ically seal the entire assembly. This would necessitate the usé of a
heavier walled housing with the consequent wasted space and weight. All
componenté have been tested for operation in vacuum and no difficulty
during pump down is anticipated. The watch movement itself is vented
to prévent excessive stresses on the glass watch face during pump down.
Because of the extremely low power dissipation in all parts of the
system, no specific requirements for high temperature operation are
required. The upper operating temperature is limited by the detector
primarily to somewhere in the vicinity of 60°C. This repreSénts the
temperature at which lithium drift detectors begin to deteriorate quite
rapidly due to undesired drift under bias. Considering that the instru-
ment is in rather close thermal contact with the astronaut, there being
essentially one thickness of suit between the dosimetry packave and the

inside air conditioned space, this is not an unreasonable temperature
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limitation. Similarly, the low temperature limits dictated primarily
by the freezing of the electrolyte in the electrochemical cell and the
loss in capacity of the power so'irce are not expected to be exceeded.
Calibration will be hampered somewhat below 0°C as a result of the loss
in performance at low power levels of the transistors employed in the
amplifier and ihtegrator.. The surface finish has been chosen primarily
for durability and handling in normal laboratory environments. It is
probably desirable that a low emissivity surface be provided either in
the form of stripping the anodized film and polishing the aluminum sur-

tace, or ccating with a suitable. low emissivity paint.
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7. TEST AND CALIBRATION

Laboratory testing was performed on all components of the system in

. order to ensure conformity of the tinal components to their design speci-

fications. Final calibration of the preamplifier, threshold integrator
ahd readout circuitry was performed using a pulse ugenerator applied to
the test input of the preamplitier., the calibration of which was checked
against the actual detector input with the aid of an unencapsulated
detector and an « particle source. Because ot the pressure of time for

delivery, only a limited number of tests were performed on the completed

"instrument. These inciuded Pesponse.to Co60 gamma véys,'and limited

testing using the 40 MeV proton beam from the UCLA spiral ridge accel-

.erator.

Temperature testing was performed on the preamplifier and threshold
integrator to determine the effect, if any, of varying temperature on
calidbration stability. These tests were pefférmed by introducing a
fixed rate of a given amplitude pulse into the test input of the pream-
plifier and measuring the current integrated-by the E-cell. Sensitivity
from 0°C to 60°C varies less than + 5% for 6 V B+ power supply. Below
UOC, performance is rather sharply dependent on B+ voltage. For B+
voltage of 6-1/2 V, a loss in sensitivity of 10% is observed from OOC,
to -30°C. At 5-1/2 V B+, this loss is 20%. Test runs at higher B+
voltage, namely 8, 9 and 10 volts, indicate that at these B+ voltages,
temperature effects are essentially negligible to 0°C with a 5% decline
in sensitivity at -30°C. This would call for a revision in the power

supply voltage if extensive low temperature operation was anticipated.

The Accutron watch and readout system was temperature cycled over a
similar range with & simulated input correspdnding to approximately 2000
on-off?cycles. The timekeeping error of the Accutron is essentially
negligible over the complete range, being in the neighborhood of a few
hundredths per cent. However, a fixed error is associated with each
start-stop cycle, ranging from approximately 1 millisecond at normal
temperatures to as high as 10 milliseconds at -30°C. Since each second

corresponds to 15 mr, this is a possible error of 0.15 mr per cycle.
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If the system is cycled ten times per hour, this could represent a ran-
dom rate error of approximately 1.5 mr per hour. If cycling of the
readout system takes place less trequently, this error.is correspondingly

reduced.

Temperature effects un the detectors are measured principally in
terms of variations in leakage current and noise with temperature.
Leakage current for all detectors was nominally less than 1 microampere
at room temperature and showed the characteristic doubling for each 11
above room temperature. Because of the high output impedance of the DC
to DC converter supplying bias to the detector, the voltave applied to
the detector declines as leakage current tends to climb. This tends to
keep the noise somewhat constant with a 5 to 10% decline in sensitivity
at the higher temperatures. This etfect appears to oftset to some extent
the temperature coetficient ot the amplitier and threshold integrator in.

order to kéep the overall Pesponsé within + 5%.

In the course of the temperature runs, substantial humidity testing
was incidentally performed through the condensation of moisture on the
circuits as a result o!f the rapidly changing temperature. On unencap-
sulated circuit boards, this léd to excessive leakage into the E-cell
with a result that apparent dose was accumulated even in the absence oi
any input. This effect was investigated and corrected by careful
cleaning of the circuit beoard with deionized water and alcohol fol-

lowed by coating with a conformal epoxy coating.

Because ot the pressure of time, shock and vibration testing was
not performed on the completed instrument. However, the most vulnerable
element in the system, namely the Accutron watch movement, has been

qualitfied for launch loads considerably in excess oif those anticipated.
L)

Absolute nuclear calibration can be carried out only by having

available calibrated sources of radiation similar to those which are

.encountered in space. Two sources oif calibrating tields were available

within the time scale for delivery of the instruments. One, « 10 mi;ii-

. 60 . .o . .
curie Co source capable of furnishing a reasonable uniform tield
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approximately 1 rad per hour and a 40 MeV proton beam from the‘UCLA
spiral ridge accelerator. Calibrations using the C060 source Qere ap-
proximately 20% lower than would be calculated from the source strength
-and distance. This can be accounted for by the low energy cut-off
imposed by the threshold integrator, though the source calibration
itself is only + 10%. Calibration data from the 40 MeV protons was
obtained by placing the detector in the scattered beam to avoid excess
counting rates associated with the minimum direct beam which can be
stably generated by the machine. Attempts to correlate the counting
rate for protons in a monitor detector with the dose measured by the
system‘pfoduced quite erratic results. Upnn'investigation, it was
found that the extremely rapid fall in the number of scattered protons
per unit solid angle with angie made correlations between two detectors
in apparently the same field quite difficult. For this reason, dose
correlation between the calculated dose received by the monitor detectdr
and the dose received by the instrument at a slightly different angle
bear little relationship to each other. To attempt a more precise
calculation, nuclear emulsioné were placed over the sensitive area of
the Apollo dosimeter system and the two were irradiated simultaneously.
The nuclear emulsions are being scanned by the Health Physics personnel

at UCLA, the results of which are not yet available for this report.

In order to proQide the best possihle calibration given the diffi-

- culties experienced, spectra were taken on the detector in a dummy case

environment and chammel by channel integration of the pulse height
spectra obtained permitted calculation of the dose deposited in the
detector by the 40 MeV protons. . With the exception of a bump on the
low energy side of the dE/dx peak obtained, this spectrum and the cor-
responding calculated dbsé-corresponds quite well to that which would be
delivered by 40 MeV protons degraded by the aluminum case. The ;eadout
resistor for the dosimeter was then adjusted such that a similar pulse
distribution introduiced by means of a‘pulse generator resulted in the
appropriate readout in rads. Provision has been made for the shunting
of this resistor in order to brihg the scale factor into better coin-

cidence with absorbed dose as better calibrated tields are available.
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8. CONCLUSIONS AND RECOMMENDATIONS FOR ADDITIONAL WORK

From the amount of work which could be done within, the time scale

. available, it would appear that the fundamental principle behind the
Apollo dosimeter is sound and can yield reproducible and radiobiolog-
ically meaningful results. While the engineering design and mechanical
packaging display some rough edges with regard to an instrument for
actual flight use, the basic design and packaging concepts are sound.

It has been'éhown that a dosimeter for the particlé energy range and
levels of interest for the Apollo mission can be fabricated within the
envelope, weight and powér restrictions associated with a self-contained
personal dosimetry instrument. As the instrument design is verified and
solidified, fturther reductions in size and-weight and greater ruggediza-
tion are possible through the conversion of the remaining subminiature
printed circuit board components to thin-film hybrid circuitry, as was
done with the preamplifiér and amplifier. As better semiconductors
become available, performance over wider temperature ranges at reduced
power can be expected. However, even at the present levels, adequate

power for the mission duration is available.

The work to be done falls in the category of environmental testing
and calibration verification in varied radiation fields. Such environ-
mental testing includes verification of the shock and vibration performe
ance, more definitive temperature and humidity information, and extensive
life testing in the thermal vacuum environment simulating space. While
the results of such testing will undoubtedly influence soime 6f the
detailed design and construction features of the instrument, it is not
anticipated that any major revision of the concepts or techniques will
have to be. made as a result of such qualifieétion. Verification of the
radiation calibration requires a considerable amount of accelewrator work
with particular emphasis on obtaining homogeneocus diffuse beams of par-
ticles in the energy range of interest in such a way that intereomparison
of various dose measuring devices can be made. In considering possible
calibration, it is necessary to determine what, if any, loading factors

should be applied to the various LET of the interactions observed. Such

ot

wah
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radiobiologically significant loading in accordance with LET is readily

incorporated in the instrument due to its multi-scale integrator. How-

ever, until some general agreement on the part of radiation biologists

can be arrived at, the uniform weighting which has been given to various

LET levels will have to be relied on.



QOLNLY Y SI Ad01SISNVYYHL 'E
Qudv40371A NI SAa0LIDVvdY 2 1Y T
SHHC NI S30LSIS3Y 1TV i

310N

1 N ‘
e 10°== N _
' e _
_ |
- N7 |
dNd Lo O— -& WAVAVAY —
€ _
4089 =+ 500’
i .ﬂ £
/*TI:'IIL
=
P-dS AQVINL
- 'JrH o— - — - p —




Pe'sH TF
FedlouT

Tll. - — - B!
_ i Loy
! ¢ oy
, H . ! >
! v_L = B ™
o oy

" (SR ,

- SR
~ i

- e i
7 — . - ) LN v
'ltﬁu!luo% & vv ,7 v 4 o b
' ! \ N, . v !




< iy

e it e

M’;f

e -

i 9
T.ce7

7
<
U

<O
”0 BN _ 74-
S FANL"S i \a,
Q -
e TV e e
N a9 ' |
0. ; o~
B J : /

-
N
&
A
]




H‘f

N e—

e e
{
1}

!
'

'y
M
Q
v

i !
: —— i
L7

o=

NS I

/ \\



é N\ . ]

v S22 0 0D s

TORVIEW

(POWER PACK
COMPARTMENT)

~ -~
::/;..QJ:L- F
‘ f:\l_’;.,‘\‘l M A T NI/~
=1 2 ~N2 : IO VIE A/
PR RN S e e —




D QD & B

& o D @ 0

f
|
==

LN
Q2

2D
AN,







AR WAL BB LA R VLA AR TR w0

POWER

URPB| |

SURPPLY
“OMEARTHT,

BATTERY |
COMPARTHTS |

VIR RANAY

PA.L
PLU =l

i
v

— .

| FRONTVIEW SECTION
POWER PACK D X o R ———
COMPARTMENT | |

lio




1S na— ———

INVAA TUAASAMA SRR VAV s-)rL

VAt s aReRBRLY

DA et e e e

D o e S AR e b

———— *;.)

| CEVIE A

Kkj .

]

’C’ i‘fi

oHJE V

oo

!
R |

Ehat " Y,
}
o

)

H
.

DRAWN
CHECKED ¢
APPROVED

oj<«%~ |
»H|ZWy
=S=ZQ
Z|V <
UNRC

W w

I35 4

ore

m




AMPLIFIER RRACKET

STRIE-
CONNECTOR
PART NO. [ D.ESCRIPTION S} ITEM

LIST OF MATERIALS

SOLID STATE RADIATIONS, INC.
2261 S. CARMELINA AVE., LOS ANGELES, CALIFORNIA

MECHAMICAL LAYO T
PROTON DOLIMETER

SCALE ¢ X CIT. =MES4-65

+

2-26-59




CHARGE LOOP

SIGNAL SHA

ReS 390K

>
|

H

500keV or 94 mvV

= T
PIND /o T
TEST O-pnar-- 3
INPUT 90 > 2,208
R3510 22 l
s ,
PIM | L ca

DETECTCR 1M

Bl\AS '

POS. o %2, R5 o7 4 .
|

GAI

RI4 |
mmé RI6 ;uox




ING AMPLIFIER

N=I0 VOLTAGE AMPLIFIER
GAIN=I0
# i o
!
R23 R25
200K 10K
%
N~




2ND

VOLTAGE AMPLIFIER

GAVW =10

N
-
I
|
|
f
|
| B
‘—.]..w . T._.__ - ...T_’_ .-.......,_..._.r_.._.
’ R36 4
130K o]
| R32 QR34
| 200K < 10K |
l R37
10K
| Ta% an
>| +—
I
|
I
| ,,2 \
,-/ i 4 N P :
| R28  CIS
Q\O (QH / b N N———O PIN T
| l N 90K | .0
o g £% | 5oy
F } E.O‘ ( S tr=0.81S
! | 4 — ty= 1815
sy THRESHOLD - 50 keV
L 2I0K | S ATURATION - Q.5 MeV
t |




\-1—.01 L m}zsox rzn|>

L

i}

| l ODETECTOR TINPUT
COMMOM (WHITE)
(BLACK)

UNESS OTHERWISE NOQTED ¢

. ALL CAPACITORS IN MFD.
2.ALL RESISTORS IN QWMS 10

3.Q1,Q2,Q3,24,Q5,Q7,Q8,Q10,Q11 —2N 2388 ; GL,Q9 Q1L -21N 2901




KiTA
4K

R2i
10K

R22
10K

*5°

R24 R26 R30
200K 24K 10KS

-

somv
/\— tr=0.608
-0 tr= 2.95BS

PIHG THRESHOLD - 5.0MeV
SATURATION - 50MeV

REQD.| PART N

DRAWN . BER
CHECKED (L., 7
4

Apnov@o'zs /.

UNLESS OTHERWIS

DIMENSIONS ARE IN IN
TOLERANCES ON
3 PLACE DEC 2 PLACE Dt

+ S

——



| 2R33 R35 R3% DO )
| S200% 24K oK ¢ &y,
o | |
1; }—4- 0 PINS
| 2,53
A I S o
500 myv
Cle [\ tr=0.81S5
13 g te= 1.BES |
‘ .ot IN®  THRESWOLD ~500keV
: SATURATION- 5.0MeV
D. | DESCRIPTION [ wem
LIST OF MATERIALS
l. SOLID STATE RADIATIONS, INC.
- 2261 S. CARMELINA AVE, L0S ANGELES CALIFORNIA
6.9.65 _
, L AMPLIFIER FQR SUB MINIATURE
G/ s
T PROTON DOSIMETER
E_SPECIFIED
HES
€ e N - 1 C\S02E1554-65
R




